Background and purpose: World Health Organization estimated that there were 600,000 new cases of head and neck cancers and 300,000 deaths each year worldwide. Scientific modalities to predict the treatment outcomes are not available yet. We conducted this study to (1) compare CT perfusion parameters before and after chemoradiation among patients with head and neck squamous cell carcinoma and (2) to evaluate the prognostic value of each perfusion parameter in predicting the response to chemoradiation.
Introduction
CTp (computed tomography perfusion) has emerged as a non-invasive functional imaging tool providing quantitative parameters regarding angiogenesis and tumor perfusion which can predict the response, monitor the effects and assess long term treatment outcome in HNSCC (head and neck squamous cell carcinoma) [1] [2] [3] . CTp can explore the molecular nature of tumor perfusion in addition to information about size and enhancement of tumor as done with conventional CT (computed tomography) [4] [5] [6] [7] .
MVD (microvascular density) which is pathological marker of angiogenesis is considered as predictor of response in HNSCC. MVD requires endoscopic biopsy and is an invasive procedure accompanied by its own risks. CTp is a non-invasive measurement of intra tumoral MVD which has a prognostic value [7, 8] .
Studying dynamics of perfusion parameters of tumor help in understanding the therapy induced functional changes in tumor tissue and help in distinguishing responders from nonresponders [9] .
CTp studies revealed that HNSCC have increased BF, BV, PS and reduced MTT as compared to normal tissue and benign lesions [10, 11] . In different studies conducted, during the course of chemo-radiation, responders showed a significant reduction in BF and BV whereas non-responders showed a non-significant elevation of BF and BV [9, 12, 13] .
The purpose of our study was to evaluate the role of CTp in histologically proven HNSCC in predicting the treatment response before the commencement of therapy, determine the changes in perfusion parameters during the course of treatment and after completion of chemoradiation. Four perfusion parameters namely BF, BV, PS and MTT were assessed quantitatively and analyzed to determine which one of these perfusion parameters co-related well with treatment outcome as per RECIST 1.1 criteria.
Methods

Patient selection
We conducted this prospective study among patients who met the following criteria: Patients with terminal illness, inability to communicate, or unwilling to participate in the study were excluded.
A written informed consent was obtained from all participants and the proposal was approved by institutional ethics committee.
We performed non-enhanced computed tomography (NECT), CTp and contrast enhanced computed tomography (CECT) of the neck before the commencement of treatment, after 40 Gy of platinum based chemoradiotherapy and again at the end (66 Gy) of treatment.
Technique
Patients were trained for quite breathing and not to swallow during the procedure. NECT of neck was acquired to localize the tumor with following parameters -100 kV, 50-220 mA with automated tube current modulation, 0.8 s rotation time, 5 mm thickness and total exposure time of 5 s. The scan position was adjusted to cover the entire volume.
CTp of neck was performed on a 64-slice CT scanner (Light speed VCT Xte; GE Healthcare) with Z-axis coverage of 14 cm. Fifty ml of iodinated non-ionic contrast with iodine concentration of 370 mg/ml was injected at a rate of 5 ml/s followed by saline flush of 30 ml with an automated pressure injector (Stellant, MEDRAD) through the antecubital vein on the side opposite to the tumor to reduce streak artifacts from large veins. Scanning was initiated 5 s after the start of injection and images were acquired for duration of 35.86 s. The parameters used were -100 kV, 50-220 mA with automated tube current modulation, 0.4 s rotation time, 5 mm thickness and noise index of 15 and the processing of perfusion was done on 5/5 mm slice. Immediately after CTp, CECT of the neck was performed from thoracic inlet to the level of skull vault with the same parameters as that for NECT. Acquisition was done 40 s after the injection of 1.25 ml/kg of iodinated contrast administration.
Image processing
Images and data obtained were transferred to an image processing workstation -Advantage windows 4.2, GE Healthcare. Perfusion maps were generated by deconvolution technique using vendor's Perfusion CT 4 (GE) software. No separate motion correction program was available. The program estimates tissue perfusion as the maximum slope of the tumor time-density curve divided by the peak arterial enhancement.
Attenuation thresholds were fixed to exclude bones. Arterial input was obtained drawing ROI 4-6 pixel size placed over ICA except in two patients in which ROI was put in ipsilateral IJV as software did not analyze parameters when ROI was placed in ICA. Last pre-enhancement and post enhancement images were chosen to generate the functional color maps. Unprocessed source images in the phase demonstrating maximal enhancement and base images were used to draw a freehand ROI at the margin of the tumor. Necrotic areas, vessels and calcifications were excluded. Values of BV, BF, and MTT & PS were measured in all sections depicting the tumor and the mean value was calculated.
Statistical analysis
We dichotomised the treatment outcome as complete response and non-response (partial responders/stable disease/progressive disease) using RECIST 1.1 criteria. For all measurements taken at different points in time, we tested for normality of distribution by Shapiro Wilk test and for inequality of variances by Bartlett's test. A p-value of 0.05 or above was taken as indicative of normality of data distribution and homogeneity of variances respectively. The normally distributed independent sets of data with homogenous variances were compared by t-test or one way ANOVA and data with non-normal distribution were compared by non-parametric tests (Kruskal Wallis test or Friedman test). We compared means of each perfusion parameter at baseline for RECIST outcome category. The changes in perfusion parameters overtime were compared by paired t-test or Kruskal Wallis test for each category of RECIST response. We dichotomotized the perfusion parameter values by taking median as the cut off -high (>median value) and low (≤median value). We conducted a bivariate analysis with dichotomized perfusion parameter values as exposure variable and dichotomized response as outcome variable. We compared the response rates (RR) in each exposure group and constructed 95% confidence intervals around the point estimates. We calculated point estimates and 95% confidence intervals for sensitivity, specificity, predictive positive values, negative predictive values, likelihood ratios positive and likelihood ratios negative by Wilson Score method. Except for statistical tests for normality of data and homogeneity of variances, p-values ≤ 0.05 were treated as statistically significant. We analyzed data using EpiInfo version 7.1.4 for windows (http://wwwn.cdc.gov/epiinfo/7/).
Results
Characteristics of the study participants
Twenty four patients (23 of them men) with HNSSC and a mean age of 57.9 ± 4.5 years were included in our study. Nineteen (79.1%) patients were in stage III of the disease and remaining in stage IV disease according to 2002 American Joint Committee on Cancer Classification. Majority (10; 41.7%) patients had well differentiated SCC, followed by seven (29.1%) with moderately differentiated carcinoma histo-pathologically ( Table 1) . Measurements of target lesions, lymph node size and all perfusion parameters did not differ statistically by the type of squamous cell carcinoma (p > 0.05).
At the end of chemoradiation, complete remission was achieved by 12 (50%), partial response by nine patients and three patients had static disease. None of the patients had progressive disease ( Table 2) .
Perfusion parameters
At baseline BF was the only perfusion parameters that was significantly higher (p = 0.006) among responders as compared to non-responders (Table 3) .
During the course of chemoradiation, BF and BV both reduced significantly at 66 Gy in complete responders (p < 0.05) as compared to partial responders or patients with static disease. MTT in complete responders showed a slight temporary reduction at 40 Gy, which was followed by a rebound as measured at 66 Gy (p = 0.024) but changes in partial-responders and non-responders were not significant. PS values in the complete responders were almost stable after 40 Gy and insignificantly decreased at 66 Gy (p = 0.233) whereas in partial responders PS showed reduction at 40 Gy, which continued after 66 Gy (p = 0.032). In non-responders there was statistically Table 1 Baseline characteristics of the lesion type, size, and perfusion parameters (all values expressed in mean ± sd). a
Measurement
Type of squamous cell carcinoma
Well differentiated (n = 10) Moderately differentiated (n = 7) Poorly differentiated (n = 2) Un-classified (n = 5) All lesions (n = 24)
Target lesion size (cm.) 4.1 ± 1.1 4.0 ± 1.3 3.9 ± 0.9 5.7 ± 2.8 4.4 ± 1.7 Lymph node size (cm.)
1.6 ± 1.1 1.4 ± 0.5 1.3 ± 0.6 1.8 ± 0.6 1.5 ± 0.8 Table   3 Comparison of perfusion parameters between complete responders and non-responders to CRT at baseline, 40 Gy a CRT b and 66 Gy CRT (n = 24).
Perfusion parameters
Perfusion parameter insignificant elevation of PS at 40 Gy and reduction at 66 Gy (p = 0.097; Table 2 ). Prognostically, patients with high BF were five times more likely to respond to chemoradiation as compared to patients with low BF (Table 4) and the difference was statistically significant (p = 0.004). High BF in our study was found to have 83.3% prognostic accuracy, sensitivity, specificity and positive predictive value each (Table 5) .
On graphical analysis (Fig. 1 ) BF of ≥85 ml/100 g/min was predictor of complete response to treatment in 11 (73.3%) out of 15 patients. Out of 12 completer responders, 11 (92.0%) had BF above 85 ml/100 g/min.
Positive predictive value (PPV) of high BV was next to high BF, followed by low MTT and low PS (Table 5) .
After stratifying the patients in four different patterns of combination of perfusion parameters [15] i.e. High BF with high PS, High BF with low PS, low BF with high PS and low BF with low PS, there was 100% response to treatment in the perfusion parameter combination of high BF and low PS while 66.6% complete responders were seen with high BF and high PS combination irrespective of the stage of HNSCC (Table 6 ).
Bivariate analysis
On bivariate analysis, patients with high blood flow were found to be five times more likely to respond as compared to the patients with low BF at baseline. Other perfusion parameters were not significantly associated with the response probably due to low power of the study (Table 4 ).
Discussion
Angiogenesis is an important aspect of tumorigenesis. Primary stimulus for new vessel formation is presumed to be hypoxia induced by expansion of growing cellular tumor mass. Hypoxia induces the expression of HIF-1, VEGF, PDGF and carbonic anhydrase IX [14] . Goh at el [15] have reported that tumor vessels are different and show arteriovenous shunting, intermittent or reverse flow. In the center of the tumor there is decline of vascular density with higher number of elongated compressed vessels having high intervessel and interbranch distances. There is acute vascular collapse due to raised interstitial pressure. The endothelial lining of tumor vessel wall has loose endothelial connections, bigger openings and lack in smooth muscle and pericyte covering. Defective endothelium causes vascular hyperpermeability which results in raised intratumoral interstitial pressure.
The changes happening at vascular level cannot be assessed by RECIST 1.1 which is still considered as gold standard for assessing the tumor response to chemo-radiotherapy [16, 17] . CTp assesses not only the tumor morphology but is a functional imaging biomarker reflecting angiogenesis and can predict tumor response to treatment and vascular changes after treatment even before there is reduction in the tumor size [12] .
The Z-axis coverage in CT perfusion of head and neck varied from 1 cm to 2.5 cm in different studies [8, 18] . Limited coverage resulted in centering of the perfusion study at the level of the Table 4 Association between perfusion parameter value at baseline and response to chemo radiation (n = 24). largest tumor diameter only. However due to heterogeneity of the tumor and its perfusion parameters whole tumor volume should be encompassed in the perfusion protocols. Dynamic CT perfusion can be performed using cine mode, a combination of cine and axial modes or a toggling table technique [19] . Axial CT perfusion allows discontinuous scanning and the area of coverage is 4 cm only as there is no table toggling motion. Though cine CT perfusion allows axial continuous scanning but area of coverage of 4 cm only. In the present study, CTp was done with Z-axis coverage of 14 cm using the Volume Helical Shuttle [VHS] that enabled visualization of entire tumuor. With wider z-axis coverage tumor heterogeneity is better assessed because whole tumor perfusion parameters can be quantified at all levels and necrotic areas can be excluded while calculating the perfusion parameters. According to ACR-ASNR-SPR practice guideline for the performance of computed tomography (CT) perfusion in neuroradiologic imaging [20] , "in toggling table technique, the temporal resolution at each location should be no less than 1 image per second." In the VHS with use of Dynamic Pitch Cone Beam Reconstruction (DPCB), VT patient table and advanced real-time control, extended z-coverage and Tuned Auto mA the resulting image at the central location of scan is scanned or has an average temporal sampling of 1.5 s.
Our results show that responders had significant higher baseline BF values than the non-responders. Similar results have been found not only in HNSCC but also in rectal and lung malignancies. Tumors adapt to hypoxia by promoting more neoangiogenesis leading to higher BF and PS. Low tumor perfusion indicates less blood flow to the tumor which in turn impairs the delivery of the chemotherapeutic agents, hypoxia also decreases radiosensitivity [21] . Another study [22] concluded that pretreatment tumor BF was significantly higher in responders. Our findings were in partial agreement with another study [23] which showed the long-term predictive value of baseline BF and PS measurements from CTp imaging for local control in 84 patients undergoing chemoradiation.
Perfusion parameters were compared according to the volume of the tumor. Patients having higher BF at baseline showed significant reduction in volume while patient having low BF were non-responder for volume reduction [p = 0.003]. There was no statistically significant correlation in BV, MTT and PS values among responders and non-responders. Similar methodology has been done by Zima et al. [9] but they employed invasive endoscopic procedure for this calculation.
Goh et al. [15] divided perfusion parameters of a tumor into four different patterns of vascularization -high BF and high PS as matched vascularization, high BF and low PS as high interstitial pressure, low BF and high PS as mismatched vascularization and low BF and low PS as necrosis. In our study we combined BF and PS in these four categories and to predict the response to treatment. After stratifying the patients in four different patterns of combination of perfusion parameters i.e. high BF with high PS, high BF with low PS, low BF with high PS and low BF with low PS, there was 100% response to treatment in the perfusion parameter combination of high BF and low PS while 66.6% complete responders were seen with high BF and high PS combination irrespective of the stage of HNSCC. We observed that relying only on morphological criteria for staging may be inadequate and perfusion status of tumor plays more important role in determining the response of the tumor to the treatment. As this doctrine has already been included in the PERCIST criteria for solid tumor evaluation, we propose that CTP parameters should also be incorporated along with RECIST criteria or alone for tumor evaluation. Due to wide availability of MDCT as compared to PET-CT, CTp appears to be good alternative to PET-CT especially in the developing countries. We attempted to classify HNSCC into histopathological types and TNM staging and evaluate their perfusion parameters to compare them with RECIST 1.1 criteria. However, changes in them were not statistically significant. CTp values, therefore, are not dependent on the histopathological subtypes.
In responders, BF showed decreasing trend at 40 Gy and 66 Gy of treatment and this change was statistically significant (p = 0.002). BV increased at 40 Gy but decreased at 66 Gy of CRT which was statistically significant (p = 0.005). MTT also showed statistically significant (p = 0.024) increase at 40 Gy and 66 Gy. This is attributed to cytotoxic effect of radiotherapy to the vascular endothelial cells. The fluctuation of perfusion parameters during the course of therapy is due to hypoxia and intratumoral inflammation as hypoxia may lead to decrease in perfusion and inflammation further lead to increase in BF and PS. Changes in PS values were not statistically significant (p = 0.233).
In partial responders, BF increased at 40 Gy and thereafter decreased significantly (p = 0.050) at 66 Gy. The changes in values of BV, MTT and PS were statistically insignificant.
In patients with stable disease (non-responders) changes in all the perfusion parameters at baseline, 40 Gy and 66 Gy were statistically insignificant.
The serial study done at baseline, 40 Gy and 66 Gy revealed that the change in perfusion parameters at 40 Gy is not reliable to predict response as compared to changes at completion of therapy. Therefore CTp done at 40 Gy appears to be clinically insignificant and can be done away with.
Conclusions
High BF at baseline is the single best predictor of response to chemoradiaton. A combination of high BF and low PS was found to be 100% predictive of complete response irrespective of the stage of the tumor. CTp parameter measurements at 40 GY of chemoradation are not indicative for response to treatment.
